Purpose: The aim of this study was to investigate improvements in swallowing function and physiology in a series of healthy older adults with radiographically confirmed dysphagia, following completion of an exercise-based swallowing intervention. Patients and methods: Nine otherwise healthy older adults (six females, mean age =75.3, SD =5.3) had confirmed impairments in swallowing safety and/or efficiency on a modified barium swallow study. Each participant completed an 8-week swallowing treatment protocol including effortful swallows, Mendelsohn maneuvers, tongue-hold swallows, supraglottic swallows, Shaker exercises and effortful pitch glides. Treatment sessions were conducted once per week with additional daily home practice. Penetration-Aspiration Scale and the Modified Barium Swallowing Impairment Profile (MBSImP) were scored in a blind and randomized fashion to examine changes to swallowing function and physiology from baseline to post-treatment. Results: There were significant improvements in swallowing physiology as represented by improved oral and pharyngeal composite scores of the MBSImP. Specific components to demonstrate statistical improvement included initiation of the pharyngeal swallow, laryngeal elevation and pharyngeal residue. There was a nonsignificant reduction in median PAS scores. Conclusion: Swallowing physiology can be improved using this standardized high-intensity exercise protocol in healthy adults with evidence of dysphagia. Future research is needed to examine the individual potential of each exercise in isolation and to determine ideal dose and frequency. Studies on various etiological groups are warranted.
Introduction
Current evidence suggests that 15% of people over 65 years old experience dysphagia (a disruption to swallowing function). 1 By extension, a staggering 235 million older adults will suffer from a swallowing disorder worldwide in 2050. 2 While the act of swallowing food and liquid is a basic human function that most people take for granted, safe and efficient swallowing is actually an extremely complex neuromuscular process. The pharynx must rapidly (temporarily) reorganize from its primary breathing configuration to a swallowing configuration through the timely sequential contraction and relaxation of many muscles to allow a bolus (mass of food/liquid) to pass safely from the mouth to the esophagus without entering the airway. 3, 4 Failure in these mechanisms can result in an "unsafe" swallow (bolus enters the laryngeal vestibule and is at risk of being aspirated into the lungs) and/or an "inefficient" swallow (unswallowed bolus, known as "residue", remains in the pharynx after swallowing). The gold-standard method for assessing swallowing safety and efficiency is through dynamic imaging 
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Balou et al of radiopaque boluses (usually barium) swallowed during a modified barium swallow study (MBSS). Impaired swallowing has been associated with negative health sequelae including nutrition/hydration consequences, aspiration pneumonia and significant reductions in quality of life. [5] [6] [7] [8] [9] [10] Age-related atrophy (sarcopenia) of the swallowing musculature has been widely adopted as an explanation for age-related decline in swallow function. Sarcopenia has been established in the tongue, [11] [12] [13] [14] geniohyoid muscle 15 and the pharyngeal constrictors. 16, 17 It follows then, that exercises that target the swallowing muscles are desirable for reversing sarcopenia and age-related dysphagia. Yet, despite being widely adopted in clinical practice, the benefit of most swallowing exercises to rehabilitate the swallowing muscles is poorly understood. 18 The opportunity to contribute to this gap in the literature arose in the context of recruiting a sample of healthy older control subjects for an unrelated study. Nearly 100 patients served as controls and during the process of completing their MBS studies, nine individuals over 65 years old were observed to have evidence of dysphagia (impaired safety and/or efficiency). These otherwise healthy older adults were offered the opportunity to complete an intense 8-week swallowing exercise protocol. Our hypothesis was that an intense 8-week swallowing exercise protocol would result in improvements in swallowing physiology manifesting in improved swallowing safety and efficiency.
Methods Participants
This study was approved by the NYU School of Medicine Institutional Review Board (IRB) (S1201987). Nine healthy older adults (six females) were included in this retrospective analysis ranging from 67 to 86 years old (mean =75.3, SD =5.3). Specific inclusion criteria were any single swallow with a safety impairment (Penetration-Aspiration Scale [PAS] 19 score of 3 or higher) and/or any single swallow with an efficiency impairment (Modified Barium Swallow Impairment Profile [MBSImP] 20 Component 16 Pharyngeal Residue score of 2 or higher). These criteria for initiating treatment follow standard clinical procedures at this institution and thus IRB-approved waiver for consent to participate was obtained.
Modified Barium Swallow Study
Each participant completed a standardized MBSS before and after the treatment protocol. Continuous fluoroscopy was delivered using a Siemens fluoroscope (Iconos R200) and captured at a rate of 30 frames per second on a Digital Swallow Workstation (Kay Pentax) or TIMS (TIMS Medical), given that the facility switched capture systems during the course of this study. Each participant swallowed two Varibar (Bracco Imaging) barium boluses for each of the following conditions: 1 mL thin liquid, 3 mL thin liquid, 5 mL thin liquid, 10 mL thin liquid, uncalibrated cup sip thin liquid, continuous thin liquid drinking and 5 mL pudding. The final bolus in the protocol was one-quarter of hard solid (cracker) coated with Varibar pudding. Participants self-fed and all liquids were delivered by medicine cup. At the discretion of the assessing clinician, protocol deviations were made online to maximize patient safety and yield of clinical information. It should be noted that this MBSS protocol deviates slightly from the MBSImP recommended protocol; however, it does include a wide range of bolus volumes and consistencies which is known to be important in eliciting impairment in MBSImP scores. 21 
swallowing exercises
Each eligible participant was scheduled for 8 weeks of treatment within 2 weeks of the initial MBSS completion. Treatment sessions were conducted once per week in a hospital-based outpatient clinic and lasted for 45 minutes. The swallowing exercises in this study included effortful swallows, tongue-hold swallows (also known as the Masako maneuver), supraglottic swallows, Shaker exercises, Mendelsohn maneuvers and finally effortful pitch glides. Table 1 outlines the underlying target for each exercise and the instructions used to teach each exercise. The targeted number of repetitions for each set of exercises was 20, except the effortful pitch glide where the target was 10 per set (total swallow exercises per treatment session =110). If a participant could not tolerate 20 repetitions of a particular exercise in the beginning, a modified incremental increase was executed. By the end of the 8 weeks, all participants could tolerate completion of the targeted repetitions per set. In addition to weekly treatment sessions, participants were expected to complete three additional sets of daily homework for a total of 330 swallow repetitions per day. This regimen of exercises at this frequency is standard of care for patients with evidence of impaired swallowing safety and efficiency at this outpatient clinic. These exercises were applied to all participants regardless of their underlying swallowing physiology. This regimen was designed with several important factors in mind. First, it balances a mix of both swallowing and non-swallowing exercises and therefore draws on the neuroplasticity principles of both specificity and transference. 22, 23 Furthermore, the number of repetitions 1. Take a deep breath 2. say the sound "eee" with effort moving from a low pitch to a high pitch is high with the principle of intensity in mind. Finally, the duration of the protocol was selected to extend beyond the minimum of 5 weeks of exercise which are recommended to demonstrate improvements in skeletal muscle function. 24 This study provided an opportunity to evaluate the effectiveness of the dysphagia rehabilitation protocol at our institution in a series of individuals not prone to spontaneous recovery or disease progression. Unfortunately, adherence to homework was not tracked in this retrospective analysis.
Data analysis
Each MBSS was scored for the PAS and the MBSImP by experienced MBSImP certified clinicians who were blind to the time point (pre-vs post-treatment). The PAS is an 8-point ordinal rating scale that reflects the depth of material entering the airway and the body's response to that invasion.
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Scores of 1 and 2 are considered normal, 3-5 represent penetration and 6-8 represent aspiration. The MBSImP is a standardized rating system to quantify 17 components of swallowing physiology. 31 Each component has operationalized definitions for scoring on an ordinal scale. MBSImP scores were completed according to the standard "overall impression" scoring protocol where the worst score for a given component is assigned across all bolus volumes and consistencies. Note that component 1 (lip closure) could not be rated in five of the studies due to fluoroscopy collimation and therefore it was dropped from this analysis. Remaining oral components were summed (components 2-6) to create the "oral total" (OT) score and pharyngeal components were summed (components 7-16) to create the "pharyngeal total" (PT) score. The esophageal phase (component 17) was not included in this analysis as it was not the target of these rehabilitative exercises. Finally, the worst PAS score across the entire study was recorded. Reliability of the PAS was established on 20% of the larger dataset (n=163, intrarater: ICC =0.92, 95% CI =0.85-0.97; interrater: ICC =0.92, 95% CI =0.84-0.97). MBSImP scores were deemed reliable through the rigorous certification standards of 80% agreement across each component during training (for more information, 
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MBSImP components had significantly changed. Two-tailed P-values ,0.05 were considered statistically significant.
Results
At baseline, all nine participants had impaired swallowing safety and/or efficiency (per the inclusion criteria). Specifically, three participants demonstrated impaired swallowing safety only (PAS score of 3 or higher), two participants demonstrated impaired efficiency only (MBSImP Component 16 Pharyngeal Residue score 2 or higher) and the remaining four participants had both safety and efficiency concerns.
A summary of the statistical analysis appears in Table 2 . Analysis of PAS scores indicated that the swallowing safety did not improve significantly post-treatment, despite the median score improving from a 3 (unsafe/penetration) to 1 (safe/normal) post-treatment. Given that there are other methods to analyzing the PAS data 32 we ran a second test to confirm our finding. The result was unchanged when we categorized the PAS data in a binary fashion (1 and 
Discussion
A significant proportion of healthy older adults experience negative changes to swallowing function as the result of aging. 9, [33] [34] [35] [36] [37] Exploring methods to prevent and/or reverse these changes is critical for our rapidly aging society especially given the known health and quality of life disruptions associated with dysphagia. Unfortunately, the rehabilitative potential of most swallowing exercises is poorly understood, despite being widely adopted in clinical practice.
This study was performed in a cohort of healthy older adults with radiographically confirmed dysphagia. Healthy individuals rarely receive instrumental assessments to confirm dysphagia and thus the opportunity to test intervention in symptomatic but healthy older adults provides a novel contribution to the literature. Our results indicated that there was no significant change in swallowing safety through our analysis of pre-vs post-treatment PAS scores. This small sample was almost certainly underpowered. Yet, it is worth noting that the descriptive data show a reduction in median PAS score over the course of treatment (from 3 to 1). This is a clinically meaningful shift from a deviant score (penetration) to a normal score (no airway invasion). Of course, replication with statistical significance in larger samples must be conducted before a conclusive statement regarding swallowing safety can be made.
Promisingly, we found that this exercise protocol improved blinded ratings of swallowing physiology captured using the MBSImP -a standardized rating method for 17 physiological components of swallowing. Statistically significant reductions (ie, improvements) in overall OT and PT scores were observed. Specific components that had statistical improvements included initiation of the pharyngeal swallow, laryngeal elevation and pharyngeal residue. It should be noted that initiation of the pharyngeal swallow captures the depth of the bolus at the moment of onset of brisk anterior-superior hyoid movement and is known to vary in healthy populations. 38, 39 Improvements in this component may reduce risk of swallowing safety concerns; however, high scores on this component alone should not define dysphagia. 
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Balou et al Some of the exercises used in our protocol have been studied for their immediate impact on swallowing but not as rehabilitative exercises for individuals with dysphagia. For example, recent research using simultaneous pharyngeal manometry and intramuscular electromyography confirms that the tongue-hold maneuver significantly increases the activation of the superior pharyngeal constrictor, as well as the genioglossus and the submental musculature. 26 Muscle function MRI data reveal that the effortful pitch glide elicits greater muscle activation than swallowing 40 and subsequent data collected using dynamic MRI revealed that the effortful pitch glide had equivalent motor output to swallowing. 30 However, to the best of our knowledge, this is the first rehabilitation investigation using these exercises in individuals with confirmed swallowing impairments.
While our study design does not allow us to empirically test the relationship between individual exercises and physiological outcomes, the significant results do align with plausible theoretically informed relationships. For example, the improvement in bolus location at swallow onset may be related to training volitional airway closure during the supraglottic swallow maneuver. Improvements in pharyngeal residue may be the result of improved strength in the pharyngeal constrictor muscles through training of effortful and tongue-hold swallows and/or by prolonged upper esophageal sphincter opening during Mendelsohn maneuvers. Finally, improvements in laryngeal elevation could be linked to improved shortening induced by the effortful pitch glide, the strengthening of the hyolaryngeal muscles in the Shaker exercise and/or to the volitional prolongation of laryngeal elevation during the Mendelsohn maneuver.
This study is not without limitations. First, this case-series lacked a control group. Furthermore, the interventions applied in this study did not specifically target each individual's underlying deficits in their swallowing physiology, rather the intervention protocol was a predetermined set of swallowing and non-swallowing exercises that are widely adopted in clinical practice. Related to this, we did not test any exercise in isolation and therefore, cannot determine which of the exercises provided the greatest rehabilitative potential for this sample. Finally, we did not track participant adherence with homework exercises and therefore do not know how many repetitions of exercises each participant completed. We recognize that future work must address these issues.
Conclusion
Older adults are vulnerable to developing dysphagia, both through increased prevalence of medical conditions associated with dysphagia (ie, stroke, progressive neurological conditions, head and neck cancer) and through changes associated with aging (ie, sarcopenia). Yet, there is a dearth of literature examining the effectiveness of swallowing exercises to rehabilitate swallowing function. This study provided an opportunity to test the impact of an 8-week treatment regimen comprised of widely adopted (yet poorly understood) swallowing exercises in a sample of healthy older adults with documented dysphagia but not prone to spontaneous recovery or disease progression. Our results indicated that the treatment regimen completed by these individuals was associated with positive changes to swallowing physiology including improvements in swallow initiation, laryngeal elevation and postswallow residue. Future prospective research investigating the rehabilitative potential of each individual exercise is needed.
